Abstract. The aim of this study is to evaluate the productivity & reliability of nondestructive test (NDT) techniques for the inspection of structural welds employed in the Hong Kong Construction Industry. Manual Ultrasonic Pulse echo method and semi-automatic ultrasonic techniques using Phased Array Ultrasonic testing (PAUT), Radiographic Testing were employed. Five classes of defects were analysed: lack of penetration (LP), lack of fusion (LF), Crack (CR), Porosity (PO) and Slag Inclusion (SI). The tests were carried out on specimen made from structural plate, on which artefacts were inserted on the weld metal. The results were being studied to determine the reliability of inspection by PAUT for defect detection compared with the Manual Ultrasonic tests. The productivity of PAUT test is also compared with conventional ultrasonic testing at a determined rate.
Introduction
There is more than a century's history of using structural steel as a method of building construction. In Hong Kong, the use of structural steel in construction has a history of more than 80 years. Buildings like the old headquarters building of Hong Kong and Shanghai Banking Corporation and the old Bank of China Building, are examples of buildings in structural steel which were constructed from the 30's to 50's. Recent examples of such buildings in Hong Kong are the Kowloon Commercial Centre in Tsim Sha Tsui, International financial centre in Central, or the Convention Centre in Chep Lap kok. Structural steel is heavily used in Hong Kong construction industry, therefore it is necessary to have ways to monitor, evaluate and assure the integrity of the welding used to join the structural steel. Structural steels are also used on foundation members such as socketed H-Piles or temporary structures during excavation. In an average 516.7M tonnes of structural steel especially H Sections & Sheet Piles is used in Hong Kong in the year 2014 (Source: HONG KONG TRADE STATISTICS, CENSUS & STATISTICS DEPT.)
Non-destructive test techniques are being advanced more and more and are used as methods to evaluate engineering structures and systems, as much during the construction phase as during their service life. Special attention has been given to welds used for this construction due to the serious consequences that could occur with the structural failure, such as: loss of human lives & economic losses. However, one of the parameters that should be taken into consideration on selecting the most adequate non-destructive test technique to be used is its reliability, which is evaluated using probability detection curves (PoD) that represent the probability of detection of a defect with a particular size. For the inspection of structural welds two techniques are outstanding due to their portability and ease of operation: ultrasonic and Magnetic particle testing. Manual ultrasonic or conventional ultrasonic are frequently used, although the semi-automatic method is used in process or oil & gas industries, very few such techniques are employed in construction industry. It has various advantages over the conventional method.
Among these advantages are increase of inspection speed, high PoD and consequently increase in inspection reliability, documentation of inspection register, interpretation of the results by images and the possibility of computerized processing. Although radiographic tests are still used for the cross checking of ultrasonic test methods, efforts are being made to substitute them for other inspection methods principally due to inconveniences such as: presence of ionizing radiation which is a danger to the inspector & general. Hong Kong construction sites are congested and in the vicinity of public residential or commercial buildings. The aim of this work is to evaluate the productivity & reliability of non-destructive tests in the inspection of structural welds. Three different techniques were considered: manual ultrasonic, semi-automatic ultrasonic by phased array ultrasonic testing (PAUT), and radiography testing.
Test Specimen

Production of Test Specimen
To carry out the study, a specimen was manufactured from an S355JR plate with a length of 300 mm, thickness of 20 mm and 10 girth welds were made with defects artificially inserted on laying the weld bead, while 2 were laid without defects, and making a total of 12 weld specimens. Five classes of defects were inserted: lack of fusion, lack of penetration, Crack (Surface & Toe), Slag Inclusion, and Porosity (Fig. 2) . A total of 3 defects were deposited along each of the 10 weld joints. All the discontinuities were inserted more than 25mm.
JH Kurz explains in a paper Reliability considerations of NDT by probability of detection (POD) determination using ultrasound phased array [20] , in the below figure 1 we could understand the POD is always 100% over 12mm in terms of discontinuity size. Hence in order to achieve the reliable results in trial all artefacts inserted during the production of specimens were over 25mm. Samples were precisely manufacturer with common defects in various orientation and produced with stringent quality control for consistency.
Evaluation of Test Specimen
Initial ultrasonic testing evaluation was carried out by trainers of an authorized qualification body of a certification body accredited to ISO 17024:2012 and tabulated the results. All the defects were detected with 100% Probability of Detection (POD). The below are the summary results from manual ultrasonic examination. Two parameters were considered for the reliability study which is the location of defect from datum and length of defect. The defect length shall be able to detectable within a tolerance of +/-5mm as recommended by the manufacturer. All the specimens were given masked identification from S1 to S12, two specimens were not identified for any defect, which is in line with the manufacturing criteria.
Productivity & Comparison of Conventional & Advanced Non Destructive Testing
The NDT methods used in Hong Kong for construction testing of materials and welded joints in are mainly ultrasonic and magnetic particle testing, but to some extent, also radiography, and penetrant testing are used. Ultrasonic and radiography are used for inspecting volumes (depth). Magnetic particle, and penetrants are used for inspection of surfaces. All NDT methods are not physically capable of detecting all kinds of discontinuities.
Ultrasonic Testing
The most frequently used method for inspection of structural steel component is ultrasonic testing (UT) (e.g.,21 John Lancaster, 1989), He also quoted "In ultrasonic testing much is left to the judgement of the operator, and it is unwise to rely on single individual to carry out all the work". During a literature review in a phased array ultrasonic testing after all adjustments and calibrations the inspection can begin. In contrast to conducting scanning with conventional probes a phased array probe only has to be moved along one line, parallel to the weld seam with an appropriate offset from the weld centre. This enables an inspection which is 10 to 20 times faster than conventional testing. However, only sections of 20 to 40 cm can be inspected at a time due to mechanical handling issues and the amount of data, which has to be stored. This means, that the scan has to be stopped after 20 to 40 cm, stored and then started again. [22] . The Hong Kong HOKLAS Supplementary Criteria 36 [12] recommends the maximum productivity of the Non Destructive Testing methods as detailed in Table 2 (1) The "working hours" refers to normal working hours ON SITE, including the time for record filling and all the preparation works prior to testing, but excluding the time for travelling to sites, meals, etc. (2) The "working hours" refers to normal working hours in WORKSHOP, including the time for record filling and all the preparation works prior to testing, but excluding the time for meals, etc.
Productivity trials of manual ultrasonic testing:
Test operators were given a set of instructions to calibrate the instruments and provided written instruction on defect sizing and recording of indications with necessary sensitivity settings.
The results of 12 operators in deducting 3000mm of welds with discontinuities (D1) and 600mm of welds without discontinuities (ND1) were tabulated in Table 3 below. Overall the plates were with discontinuities of around 25% of the scanned weld length. In general, the test set up is identical for 12 plates of 20mm thick, 300m in length, & no changes in setting is required. All the operators were certified personnel and hence I allowed sufficient time to conduct their inspection. The time allowed for practical is 2 hours per specimen, however they could utilize a maximum of 1440minutes for all 12 specimens. Although the experimental productivity is very low compared to the published table in the industry, the results could be skewed due to laboratory B as shown in figure 3 which was in average very low.
The industrial maximum productivity from the published document [12] is 3.75m/hr, the industrial average of discontinuities is far below 5% (through interviews with laboratories) compared to the specimens provided with 25% defect, hence if eliminate laboratory B, both the lab result could be extrapolated to 2.5m/hr which (0.5m/hr * 5 times). Phased array trials were conducted using the same set of operators which includes data acquisition, data transfer and processing & sizing. The operators were not certified to PAUT however they were provided 8 hours training which includes theory, data acquisition, data transfer & post processing using standard software. The laboratory trial reveals, in order to scan a structural weld with 25% defect would yield a productivity of 1.4m/hr. And 3 laboratories (Lab A, B, C) as shown in figure 4 exhibited consistent performance in the laboratory trial, which proves better planning of inspection is possible. Phased array ultrasonic testing proven to be 4.2 times faster comparing 0.33m/hr vs 1.4m/hr in this studies, which will be beneficial to the industry within the current higher labour cost in Hong Kong construction industry. 
Reliability study of Conventional & Advanced Non Destructive Testing
Abdul Hannan [4] explains it is first necessary to identify how to measure reliability of defect sentencing. In a practical assessment of the safety of a structure, the two values of most concern are the probabilities of classifying an unacceptable defect as acceptable and its converse, of classifying an acceptable defect as unacceptable. The first error, of sentencing an unacceptable defect as acceptable, is a missed defect, whilst the second error, of sentencing an acceptable defect as unacceptable, is a false call. Generally, these are not of equal concern for the ultimate safety of the structure. A missed defect is usually of greatest concern because it raises the possibility of structural failure with its associated costs in terms of economics, safety, reputation and, possibly, the environment. A false call, however, usually entails at a minimum extra inspection costs, but could lead to unnecessary repair, or even un necessary scrapping of a component; for a service company, false calls can lead to loss of reputation.
Radiographic Testing:
Radiographic inspection was carried out with gamma rays (source: Iridium 192) with fine grain film (KODAK MX 125) and with X-rays and medium grain film (KODAK AA400) in accordance with BS EN ISO 17636-1. Two Types of Films were used. Each weld joint was shot with 2 films and total of 24 radiographs were produced. To help on visualizing the defects in the radiographic film, allowing identification and sizing, the same would be digitalized and processed using specific digital filters, eliminating and smoothing any eventual noise in the radiographic image. It is important to point out that the application of filters should be carried out carefully in order not to lose any relevant information in the image that could for example generate the under sizing of a defect [18] . The digitization process is future work on this trials.
However, the preliminary interpretation of the radiographic test results from X-ray is tabulated below
Sample No Radiographic Test results using X-ray Test Tag No.
No of Defects
Detection of defects
Dimensions
Maximum Deviation  with reference to UT  D1DX  D1DL  D2DX  D2DL  D3DX  D3DL  DX  DL  S1  3  3  32  31  131  34  233  35  +4, -4  +6, -5   S2  3  3  30  33  120  32  239  35  +7  +2, -3  S3  3  3  28  29  162  36  241  34  +2, -2  +4, -7  S4  3  3  30  28  148  32  236  32  +1, -2  -3  S5  3  2  28  32  118  39  *  *  -2  +8  S6  3  3  31  35  139  23  240  36  +3, -6  +3, -7  S7  0  0  None Detected  S8  0  0  S9  3  3  29  36  139  26  242  31  +6, -1  +2, -7  S10  3  3  32  36  135  32  237  34  +7, -3  +5  S11  3  3  31  36  129  30  243  35  +2, - It was concluded Radiographic testing is not able to determine all the defects, it missed the tight root crack with a very weak indication, out of 30 defects there were 2 defects from 2 samples go undetected. POD for X-ray was 93.3%
The results of Gamma Radiography were skewed due to poor un sharpness, although the technique adopted fine grain film, however the results were enlarged with poor datum and overall 5 samples were missed with linear defects such as crack in nature out of 12 specimens, the results of gamma rays were not considered for this trial, it will be further studied for the POD.
Manual Ultrasonic Testing
Manual ultrasonic pulse echo testing was engaged to study the reliability trials of testing for the detection and sizing of the length of defects, the specimen was inspected by twelve (12) qualified inspectors. The sizing of the length of the defect was carried out using the 6 dB method and the criteria for acceptance used was the distance amplitude curve (DAC). To calibrate the DAC, curve a reference block was made and detailed in the written instruction provided to individual inspector. Each inspector plotted his own DAC curve for the tests. As the ultrasonic test is carried out by certified operator, every data obtained for a particular sample is considered valid and tabulated for defect location (DX) and defect length (DL). A statistical evaluation is carried out on the set of data to determine the outliers. An outlier is defined as an observation that "appears" to be inconsistent with other observations in the data set [7] . An outlier has a low probability that it originates from the same statistical distribution as the other observations in the data set. On the other hand, an extreme value is an observation that might have a low probability of occurrence but cannot be statistically shown to originate from a different distribution than the rest of the data. A box plot is a graphical representation of dispersion of the data. The graphic represents the lower quartile (Q1) and upper quartile (Q3) along with the median. The median is the 50th percentile of the data. A lower quartile is the 25th percentile, and the upper quartile is the 75th percentile. The upper and lower fences usually are set a fixed distance from the interquartile range (Q3 -Q1). Figure 6 shows the upper and lower fences to be set at 1.5 times the interquartile range. Any observation outside these fences is considered a potential outlier. Even when data are not normally distributed, a box plot can be used because it depends on the median and not the mean of the data. A summary of outliers within 12 operators were tabled below for all the 10 defect samples including those missed to identify defects. 
Phased Array Ultrasonic Testing
The set of 12 operators were briefed with PAUT principles, Scan plan set up using set up builder for the typical structural welded joint, and trained on collecting data, exporting of data & analysis of indications. The sensitivity setting has been used in line with manual Min Outlier Max Outlier ultrasonic using a 3mm SDH block to adjust the amplitude. The inspectors obtained a training of 8 hours and all the inspectors were not certified in PAUT and operators from Lab A had some training on PAUT previously from the manufacturer. TomoView TM software was used to analyse the data. Figure 5 below shows the data set for LB2-S2 Indication 1. 
Conclusion
This paper concludes the detectability of defects by Ultrasonic Testing, Radiographic Testing & Phased Array Ultrasonic testing for structural steel welds, Phased Array testing proven superior productivity to four times the conventional ultrasonic testing which includes data capture and data analysis for site use. The reliability of PAUT was 100% compared to 96.7% with manual ultrasonic testing, however with the inclusion of defect sizing and tolerance the reliability of manual UT is dropped to 57.4% which implies there is a chance of 42.6% of improper sizing of discontinuities with conventional ultrasonic testing and phased array exhibits reliability of 87.5%. The study will further continue with the application of surface Non -destructive testing for structural steel and a field evaluation will be conducted further for productivity and reliability trials to ensure the proposed methods would improve productivity and reliability in testing for Hong Kong construction Industry. 
